Abstract: Urban problems-such as resources depletion, environment pollution and waste generation-usually occur during rapid urbanisation processes, especially in mega-urban agglomerations. Finding solutions to sustainable urban development is a global research interest, and urban metabolism is an effective approach to analysing the socio-economic system and ecosystem. In this study, three cities in the Jing-Jin-Ji urban agglomeration in China-Beijing, Tianjin and Tangshan-were selected as study cases. Multiscale integrated analysis of the societal and ecosystem metabolism (MuSIASEM) method and complete decomposition model were applied to reveal the metabolic characteristics and evolutionary trajectories of the three cities from multiple levels and dimensions. Results showed that the metabolic patterns of Beijing, Tianjin and Tangshan were service-dominated, technology and capital aggregation-dominated and traditional industry-dominated, respectively. The evolution of economic efficiency, ecological pressure and social welfare in the three cities were different because of the stage of urban development where they were located. Tianjin and Tangshan showed positive correlations between economic growth and energy consumption, whereas Beijing demonstrated a more neutral correlation. In the future, issues-such as overpopulation, labour shortage and low efficiency of energy and labour-are likely to be the key factors that impede sustainable development in the three cities, respectively. Several policy implications were raised, including the combination of population dispersal and competitive industry relocation policies for Beijing, attracting young labour in the short term and transforming the economic growth patterns in the long term for Tianjin, and industrial upgrades and technical innovation for Tangshan.
Introduction
Urbanisation has brought enormous prosperity to economic and cultural development since the industrial revolution. However, serious problems, such as resources depletion, environmental pollution, overpopulation, waste generation and ecological degradation have also occurred in the rapid urbanisation process. According to the United Nations Environment Programme (UNEP), urban areas account for 75% of the natural resources and 60-80% of the global GHG emissions [1] . At the same time, the proportion of the world's population living in cities is expected to increase from 54% in 2014 to 66% in 2050 [2] , which will further aggravate the pressure on resources and the environment. Thus, to find solutions to these challenges and achieve sustainable development, city managers should understand the characteristics of urban metabolism. population density and relatively high standard of living still impose enormous pressure on energy demand and the environment.
Tianjin is a municipality in China with an area of 11,917 km 2 and a population of 14.7 million. It is famous for its well-established industrial foundation and rapidly developing service sector. In 2014, the per capita GDP of Tianjin was 103,684 RMB (approximately US$15,057). The GDP size of the tertiary sector roughly equalled the secondary sector. The equipment manufacturing, petrochemical, electronic information and light and textile industries are some competitive industries of Tianjin [38] . Since Binhai New Area became a national development priority, Tianjin has experienced rapid economic growth and urbanisation, which also resulted in lots of resources and energy consumption, as well as environmental pollution.
Tangshan is a major city in Hebei Province with an area of 13,472 km 2 and a population of 7.8 million. Up to 2014, the per capita GDP of Tangshan reached 80,138 RMB (approximately US$11,682). Tangshan represents an industry-driven economy because the GDP of the tertiary sector was only 0.6 times as high as the GDP of the secondary sector [39] . Large ecological pressure and high environmental risk ensued from this energy-driven industrial structure. 
Methods and Data Sources

MuSIASEM
Methodological Framework
The "societal and ecosystem metabolism" is a notion that urban system can be analysed based on the descriptions of energy and material transformation processes that evolve over time [40] . Figure  2 shows the schematic of urban system under this methodological framework. The two terms, namely, "endosomatic metabolism" and "exosomatic metabolism",-which originated from the double metabolism theory of Lotka [41] -should be distinguished to understand the nature of the MuSIASEM approach. Endosomatic metabolism refers to the flows of energy-called ''endosomatic energy''-that are contained in food to support human physiological processes. Meanwhile, exosomatic metabolism refers to the flows of energy-called ''exosomatic energy''-that are metabolised outside the human body to support production and consumption. Furthermore, the flow-fund scheme was incorporated into the MuSIASEM approach. Flow coordinates are elements 
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The structure of an urban system can be divided into two parts in analogy to ecosystems. One is the hypercycle part, which is the net energy supplier for the rest of the systems and drives the entire system away from the thermodynamic equilibrium. The other is the dissipative part, which is the net degrader and stabilises the entire system [43] . In the natural ecosystem, autotrophs and heterotrophs belong to the hypercycle part and the dissipative part, respectively. When the ecosystem is more developed, consumers and decomposers will play a more important role in regulating the overall flows of solar energy [44] . Similarly, from the biophysical perspective, the primary sector-i.e., farming, forestry, fishery, husbandry and ranching industries-and secondary sector-i.e., mining, refining, manufacturing, energy and water supply and construction industries-are net energy and products suppliers and can be regarded as the hypercycle part. The tertiary sector-i.e., service, trade and government-and household sector-i.e., unpaid work and non-working time-are consumers of energy and products and can be considered as the dissipative part. From the economic perspective, the primary, secondary and tertiary sectors create the added value, thus these sectors are regarded as the hypercycle part. The household sector consumes the added value and thus considered as the dissipative part. If society wants to be more effective and stable, then more human activities should be allocated to the dissipative part to increase consumption and control the overproduction of the hypercycle part, thereby balancing the supply and demand [45] . that enter but do not exit the economic processes (e.g., energy and mineral inputs) or elements that only exit without having entered the processes (e.g., new products, added value and wastes). These coordinates are consumed or produced within economic processes. Fund coordinates are agents that enter and exit the processes (e.g., human beings, technical capital and Ricardian land), thereby transforming input flows into output flows. These coordinates are used but not consumed within economic processes and must be periodically renewed [42] . Therefore, fund coordinates entail an overhead for their maintenance and reproduction. The sustainability of economic systems depends on the steady flows under the constraints determined by the characteristics of the funds. Intrinsically, the integrated analysis of societal and ecosystem metabolism utilises a series of flow-fund, fundfund, and flow-flow ratios to diagnose the metabolic patterns of the urban system. The structure of an urban system can be divided into two parts in analogy to ecosystems. One is the hypercycle part, which is the net energy supplier for the rest of the systems and drives the entire system away from the thermodynamic equilibrium. The other is the dissipative part, which is the net degrader and stabilises the entire system [43] . In the natural ecosystem, autotrophs and heterotrophs belong to the hypercycle part and the dissipative part, respectively. When the ecosystem is more developed, consumers and decomposers will play a more important role in regulating the overall flows of solar energy [44] . Similarly, from the biophysical perspective, the primary sector-i.e., farming, forestry, fishery, husbandry and ranching industries-and secondary sector-i.e., mining, refining, manufacturing, energy and water supply and construction industries-are net energy and products suppliers and can be regarded as the hypercycle part. The tertiary sector-i.e., service, trade and government-and household sector-i.e., unpaid work and non-working time-are consumers of energy and products and can be considered as the dissipative part. From the economic perspective, the primary, secondary and tertiary sectors create the added value, thus these sectors are regarded as the hypercycle part. The household sector consumes the added value and thus considered as the dissipative part. If society wants to be more effective and stable, then more human activities should be allocated to the dissipative part to increase consumption and control the overproduction of the hypercycle part, thereby balancing the supply and demand [45] . 
Hierarchical Levels and Variables
Under the MuSIASEM framework, the urban system is analysed at three hierarchical levels. Level n is the entire urban system, which is divided into the paid work (PW) sector and the household (HH) sector (level n − 1). Subsequently, the PW sector is further disaggregated into three sectors (level n − 2), including the primary, secondary and tertiary sectors. Changes that occur at one level cannot be extrapolated to another level because of the numerous feedbacks among the sectors [22] .
In this study, human activity was selected as the fund element, and energy consumption and added value were selected as the flow elements. These variables can be used at all three levels (n, n − 1 and n − 2). Meanwhile, the ratios of flow-fund, fund-fund and flow-flow composed a series of variables to indicate the hierarchical structures and metabolic pattern of an urban system across different scales. All explanations of variables used in this study are as follows.
The total human activity (THA) is the total available human time for different human activities within a year, measured in hours. It is calculated by multiplying population by 8760 (365 days and 24 h per day) and consists of two parts, namely, human activity in the PW sector (HA PW ) and human activity in the HH sector (HA HH ). Human activity in the PW sector (HA PW ) is the sum of human time allocated to the primary (HA 1 ), secondary (HA 2 ) and tertiary sectors (HA 3 ), whereas human activity in the HH sector (HA HH ) is the sum of human time for unpaid work (HA HH = THA − HA PW ).
The total energy throughput (TET) is the total energy consumption in the society within a year, measured in Joules. TET also consists of two parts. One is the energy throughput in the PW sector (ET PW ), that is, the sum of energy consumed by the primary (ET 1 ), secondary (ET 2 ) and tertiary sectors (ET 3 ); and the other is the energy throughput in the HH sector (ET HH ).
GDP is an added value generated by the society within a year, measured in 2000 constant dollars. It is the sum of the added value generated by the primary (GDP 1 ), secondary (GDP 2 ) and tertiary sectors (GDP 3 ).
Energy intensity (EI) is the energy efficiency with respect to the added value. The EI of societal average (EI SA ) is the total energy consumption (TET) per unit of GDP, whereas the EI of sector i (EI i ) is the energy consumption in sector i (ET i ) per unit of added value in sector i (GDP i ).
Economic labour productivity (ELP) reflects the economic efficiency of the PW sector in producing goods and services. ELP of the PW sector (ELP PW ) is the GDP per hour of human activity in the PW sector (HA PW ), whereas the ELP of sector i (ELP i ) is the added value in sector i (GDP i ) per hour of human activity in sector i (HA i ).
The exosomatic metabolic rate (EMR) of the societal average (EMR SA ) is the total energy consumption (TET) per hour of human time available to society (THA), whereas the EMR of sector i (EMR i ) is the energy consumption in sector i (ET i ) per hour of human activity in sector i (HA i ). For the HH sector, the EMR HH reflects the material standard of living, such as the use of household appliances [16] . For the PW sector, the EMR PW and the EMR of primary, secondary and tertiary sectors reflect the use of technologies-i.e., using more technologies indicates more energy throughput and less human activity allocated to the PW sector-and the level of capitalisation-i.e., more investment in machinery and tools for the production of goods and services indicates more energy throughput per hour of human activity in the PW sector [46] . EMR SA usually tends to increase with societal development but is still influenced by the changes of sector structure.
The societal overhead of human activity (SOHA) is expressed by the ratio of HA HH and HA PW . That is, to have effective economic activities, certain time has to be allocated to support social welfare. A higher SOHA value represents better human well-being because people have more time for education, leisure and other unpaid activities; however, it also represents higher pressure of support because of the increase in human activity in the HH sector (HA HH ) supported by each hour of human activity in PW sector (HA PW ). Additionally, human activity would be periodically renewed because of the characteristics of fund element. The change of SOHA is the key factor to determine whether the current economic growth patterns will be sustainable in the long term.
Biological-economic pressure (BEP) indicates the ecological pressure with social development and equals the TET divided by the hours of human activity in the primary and secondary sectors (HA 1 + HA 2 ). BEP reflects the amount of energy that should be supplied by hourly human activity in the production sector, given the current energy consumption patterns [16] . If the BEP of one region is high, then it might exceed the upper limit of energy production per hour of human activity in the production sector. Thus, people will have to overexploit local resources and import energy from outside producers, which will increase the pressure on the environment locally and regionally. Table 1 lists all variables with their calculation formulas and abbreviations. [47] . Since then, a great deal of research has been conducted to discuss the operational concept of sustainable development.
The urban system is a complex system of nature-economy-society. Sustainable urban development implies the collaborative evolution of society, economy and ecology to promote social welfare, economic growth and efficiency, ecological balance and reduction of energy use [48, 49] . According to Niu [50] , sustainable urban development reveals the systematic essence of "development, coordination and sustainability." Development focuses on productivity improvement and social progress, including the capability, potential and speed of development. Coordination focuses on internal efficiency, such as the material standard of living and energy efficiency. Sustainability determines the long-term reasonability of development progress. As previously mentioned, the MuSIASEM framework, which uses the different descriptions in domains of society, economy and ecology, is an effective tool to measure the sustainable urban development from different dimensions ( Table 2) . and social progress, including the capability, potential and speed of development. Coordination focuses on internal efficiency, such as the material standard of living and energy efficiency. Sustainability determines the long-term reasonability of development progress. As previously mentioned, the MuSIASEM framework, which uses the different descriptions in domains of society, economy and ecology, is an effective tool to measure the sustainable urban development from different dimensions (Table 2) . 
Complete Decomposition Model
A complete decomposition model is applied to identify the key factors that influence the changes of EMR, namely, technology and capital aggregation and sector structure [51] . Consequently, r aggregate and r structure are two indicators that represent the contribution of technology and capital aggregation and sector structure, respectively. Their positive or negative signs indicate the positive or negative effects of the factors, respectively. The specific decomposition steps are as follows:
where ET i is the energy throughput in sector i, HA i is the amount of human time invested in sector i, EMR i is the EMR in sector i and S i is the rate of human time used in sector i to the total human time.
The changes of EMR can be further decomposed as:
where ∆EMR and ∆EMR i are the changes of the exosomatic metabolic rate in the entire system and sector i from the baseline year to year t, respectively; EMR t and EMR 0 are the exosomatic metabolic rates of the entire system in the baseline year and in year t, respectively, EMR t i and EMR 0 i are the exosomatic metabolic rates in the sector i in the baseline year and in year t, respectively; S t i and S 0 i are the rates of human time used in sector i to the total human time in the baseline year and in year t, respectively; and ∆S i is the rate changes of human time used in sector i to the total human time from baseline year to year t. The changes of EMR can be decomposed into two parts, namely, EMR aggregate and EMR structure , as expressed as follows:
The contribution rate of technology and capital aggregation (r aggregate ) and the contribution rate of the sector structure (r structure ) to the changes of EMR can be expressed as
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Data Sources
Data on THA were obtained from the population data in the statistical yearbooks of Beijing, Tianjin, and Tangshan. The population data were multiplied by 8760 h/year to calculate the THA per year expressed in hours, using the convention of 365 days and 24 hours per day. The hours of human activity in the PW sector (HA PW ) were obtained from the number of employment and working hours per week by sector of economic activity, assuming 50 work weeks per year. Data that concern the employment by sector of economic activity were obtained from Beijing, Tianjin, and Tangshan statistical yearbooks, and the working hours per week by sector of economic activity were obtained from the China labour statistical yearbook (National-level data were used as replacements because the data on weekly working hours by sector were not available at city levels). The hours of human activity in the HH sector (HA HH ) were calculated by HA HH = THA − HA PW .
The data on total energy consumption and by sector were obtained from the Energy Balances of Beijing, Tianjin and Tangshan statistical yearbooks. Energy loss during the processes of energy conversion was distributed to the secondary sector. Energy loss during the courses of energy transport, distribution and storage was distributed to the transportation sector, which belongs to the tertiary sector. The energy consumption of the HH sector includes energy consumption for cooking, lighting, heating and cooling, recreation and private transportation.
GDP and GDP by sector statistics were obtained from Beijing, Tianjin, and Tangshan statistical yearbooks and were converted into constant 2000 dollars.
The analysis period was from 2005 to 2014. The aforementioned statistical data were all provided by the National Bureau of Statistics of China and Regional Bureau of Statistics. Although some suspicions about the reliability of the Chinese official data were observed, the official data with their credibility and effectiveness were still widely used in academic studies and policymaking at the city level.
Results
Level n: City Level
Over the study period (2005-2014), GDP continuously increased at an annual average rate of 8.9%, 13.0% and 10.5% in Beijing, Tianjin, and Tangshan, respectively. THA increased more slowly than GDP. For Beijing and Tianjin, the annual growth rate of THA was approximately 3.5%, whereas it was only 0.6% for Tangshan ( Table 3) . As for energy consumption, TET increased with the development of the economy, especially for Tianjin and Tangshan ( Figure 3 ). However, a downward trend was observed in the energy intensity of the societal average (EI SA ), which indicated the improvements of energy efficiency at the city level. Table 3 . Main data at the city level used in MuSIASEM analysis. The level of EI SA varied in the three cities ( Figure 3 ). Beijing showed the lowest EI SA or the highest energy efficiency. The EI SA of Tianjin was slightly higher than that of Beijing, whereas that of Tangshan was almost 2.8 times higher than that of Beijing. The exosomatic metabolic rates of societal average (EMR SA ) were also highly varied in the three cities ( Figure 4 ). For Tianjin and Tangshan, the EMR SA went from 13.2 MJ/h and 27.5 MJ/h in 2005 to 17.9 MJ/h and 34.9 MJ/h in 2014, respectively. The upward trend reflected the increase in the level of technologies and capitalisation or the improvements of standard of living in Tianjin and Tangshan (except for 2014 because many enterprises closed in response to steel overcapacity and air pollution). For Beijing, the EMR SA decreased from 12.0 MJ/h in 2005 to 10.6 MJ/h in 2014. Given the economic prosperity of Beijing in the last decade, the downward trend seemed to be "abnormal." This behaviour was probably due to the changes of the structural composition of the economy in Beijing, and specific reasons could be further explored at the lower level. 
Level n − 1: Production and Consumption
To explain the changes of EMRSA in the analysis period, the data were divided into production side (PW sector) and consumption side (HH sector). At level n − 1, the changes in the metabolic rates and distribution of human activity could be checked.
In Beijing, the EMRPW decreased from 66.4 MJ/h in 2005 to 58.3 MJ/h in 2014 because the growth rate of energy throughput was lower than that of human activity in the PW sector. This finding indicates that the increase in ETPW from 1378.0 PJ in 2005 to 1559.2 PJ in 2014 did not contribute to the use of technologies and the level of capitalisation but it only provided the new work force with even less energy for work. In Tianjin, the EMRPW experienced a stable growth with an annual growth rate of 4.1% in HAPW and 8.15% in ETPW. In Tangshan, the growth rate of HAPW was extremely low (0.1% per year), whereas the growth rate of ETPW was relatively high (6.0% per year). Accordingly, the EMRPW increased more rapidly than that of Tianjin, except in 2014, due to the policies of capacity compression and air pollution control (Figure 5a ). The increase in EMRPW in Tianjin and Tangshan implied the agglomeration of technology and capital, which corresponded to their economic development during the analysis period. Figure 5b shows that Beijing had the highest as well as increasing EMRHH, which indicated the highest and improving material standard of living of the city. Tianjin also showed a similar trend to that of Beijing but with some fluctuations. The EMRHH of Tangshan was similar to that of Tianjin before 2011 but decreased to the lowest in 2012 and during the next two years, which may be due to 
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In Beijing, the EMR PW decreased from 66.4 MJ/h in 2005 to 58.3 MJ/h in 2014 because the growth rate of energy throughput was lower than that of human activity in the PW sector. This finding indicates that the increase in ET PW from 1378.0 PJ in 2005 to 1559.2 PJ in 2014 did not contribute to the use of technologies and the level of capitalisation but it only provided the new work force with even less energy for work. In Tianjin, the EMR PW experienced a stable growth with an annual growth rate of 4.1% in HA PW and 8.15% in ET PW . In Tangshan, the growth rate of HA PW was extremely low (0.1% per year), whereas the growth rate of ET PW was relatively high (6.0% per year). Accordingly, the EMR PW increased more rapidly than that of Tianjin, except in 2014, due to the policies of capacity compression and air pollution control (Figure 5a ). The increase in EMR PW in Tianjin and Tangshan implied the agglomeration of technology and capital, which corresponded to their economic development during the analysis period. Figure 5b shows that Beijing had the highest as well as increasing EMR HH, which indicated the highest and improving material standard of living of the city. Tianjin also showed a similar trend to that of Beijing but with some fluctuations. The EMR HH of Tangshan was similar to that of Tianjin before 2011 but decreased to the lowest in 2012 and during the next two years, which may be due to the heating systems of Tangshan being technically upgraded to save more energy over these years. The results of the complete decomposition model identified the contribution of technology and capital aggregation and sector structure to the changes of EMRSA. For Beijing, the raggregate and rstructure were approximately equal (48.2% and 51.8%, respectively) because the trend of EMRPW and the percentage of human activity allocated to the PW sector both decreased. For Tianjin and Tangshan, the rstructure and raggregate were 19.8% and 80.2%, and 14.8% and 85.2%, respectively, due to the stable distribution of human activity and the increase in EMRPW in the two cities.
In addition, the relationships between EMRPW and ELPPW in the three cities varied (Figure 6 ). Generally, a positive correlation between EMRPW and ELPPW exists because of the following two perspectives: higher EMRPW indicates an increased use of machinery and tools for production of goods and services, thereby promoting a greater ELPPW [25] ; and higher EMRPW indicates greater capitalisation of production, implying larger costs that will not be covered unless this change allows greater ELPPW [32] . However, the ELPPW of Beijing significantly increased with a decreasing EMRPW. Tangshan had the lowest ELPPW but the highest EMRPW among all the three cities. Their different behaviours were also due to the structural composition of the economy. Beijing experienced a structural change that reduced human activity in the secondary sector with higher EMR and increased human activity in the service sector with lower EMR but higher ELP, whereas Tangshan depended more on the secondary sector characterised by higher EMR. More analysis needs to be conducted to explore the reasons at level n − 2. The results of the complete decomposition model identified the contribution of technology and capital aggregation and sector structure to the changes of EMR SA . For Beijing, the r aggregate and r structure were approximately equal (48.2% and 51.8%, respectively) because the trend of EMR PW and the percentage of human activity allocated to the PW sector both decreased. For Tianjin and Tangshan, the r structure and r aggregate were 19.8% and 80.2%, and 14.8% and 85.2%, respectively, due to the stable distribution of human activity and the increase in EMR PW in the two cities.
In addition, the relationships between EMR PW and ELP PW in the three cities varied (Figure 6 ). Generally, a positive correlation between EMR PW and ELP PW exists because of the following two perspectives: higher EMR PW indicates an increased use of machinery and tools for production of goods and services, thereby promoting a greater ELP PW [25] ; and higher EMR PW indicates greater capitalisation of production, implying larger costs that will not be covered unless this change allows greater ELP PW [32] . However, the ELP PW of Beijing significantly increased with a decreasing EMR PW . Tangshan had the lowest ELP PW but the highest EMR PW among all the three cities. Their different behaviours were also due to the structural composition of the economy. Beijing experienced a structural change that reduced human activity in the secondary sector with higher EMR and increased human activity in the service sector with lower EMR but higher ELP, whereas Tangshan depended more on the secondary sector characterised by higher EMR. More analysis needs to be conducted to explore the reasons at level n − 2. The results of the complete decomposition model identified the contribution of technology and capital aggregation and sector structure to the changes of EMRSA. For Beijing, the raggregate and rstructure were approximately equal (48.2% and 51.8%, respectively) because the trend of EMRPW and the percentage of human activity allocated to the PW sector both decreased. For Tianjin and Tangshan, the rstructure and raggregate were 19.8% and 80.2%, and 14.8% and 85.2%, respectively, due to the stable distribution of human activity and the increase in EMRPW in the two cities.
In addition, the relationships between EMRPW and ELPPW in the three cities varied (Figure 6 ). Generally, a positive correlation between EMRPW and ELPPW exists because of the following two perspectives: higher EMRPW indicates an increased use of machinery and tools for production of goods and services, thereby promoting a greater ELPPW [25] ; and higher EMRPW indicates greater capitalisation of production, implying larger costs that will not be covered unless this change allows greater ELPPW [32] . However, the ELPPW of Beijing significantly increased with a decreasing EMRPW. Tangshan had the lowest ELPPW but the highest EMRPW among all the three cities. Their different behaviours were also due to the structural composition of the economy. Beijing experienced a structural change that reduced human activity in the secondary sector with higher EMR and increased human activity in the service sector with lower EMR but higher ELP, whereas Tangshan depended more on the secondary sector characterised by higher EMR. More analysis needs to be conducted to explore the reasons at level n − 2. Figure 8 and Table 4 present the EI of the three sectors and some sub-sectors of the industries in Beijing, Tianjin, and Tangshan. Consequently, the different structures and compositions of the three sectors caused the different metabolic characteristics of the PW sector. observed-primary sector with the lowest ELP and EMR and secondary sector with the highest ELP and EMR. Figure 8 and Table 4 present the EI of the three sectors and some sub-sectors of the industries in Beijing, Tianjin, and Tangshan. Consequently, the different structures and compositions of the three sectors caused the different metabolic characteristics of the PW sector. In Beijing, the primary and secondary sectors lost 2.8% and 8.8% in human activity from 2005 to 2014, respectively, which implied that a fraction of the work force moved to the tertiary sector (a nonenergy-intensive sector). At the same time, the EMR2 decreased based on the development of highend manufacturing (e.g., the last four sub-sectors shown in Table 4 ) and the relocation of the steel sector (e.g., the manufacturing and pressing of ferrous metals). The two reasons above might explain the decreasing trend of EMRPW in Beijing. The ELP of the three sectors continuously increased, causing the ELPPW of Beijing to increase in these years.
The primary and secondary sectors in Tianjin also lost 7.1% and 3.4% of human activity during the analysis period, respectively. These active work forces moved to the tertiary sector. However, the size and proportion of human activity allocated to the secondary sector in Tianjin were considerably greater than those in Beijing, and the EMR2 also increased in these years. These two conditions might explain the stable increase in EMRPW in Tianjin. The ELP of the three sectors also continued to increase, which caused a significant increase in the ELPPW of Tianjin.
In Tangshan, a total of 10.7% of human activity moved from the primary sector to the secondary and tertiary sectors in the analysis period. By contrast, the EMR2 of Tangshan was 3.3 times higher than that of Beijing and 1.3 times higher than that of Tianjin. Nevertheless, the ELP2 of Tangshan was lower than that of Beijing and Tianjin due to the low energy efficiency of its leading industries (e.g., the first four sub-sectors shown in Table 4 ). The same pattern was also observed for the tertiary sector of Tangshan. As a result, the higher level of EMRPW did not bring the higher level of ELPPW, namely, higher economic efficiency. In Beijing, the primary and secondary sectors lost 2.8% and 8.8% in human activity from 2005 to 2014, respectively, which implied that a fraction of the work force moved to the tertiary sector (a nonenergy-intensive sector). At the same time, the EMR2 decreased based on the development of highend manufacturing (e.g., the last four sub-sectors shown in Table 4 ) and the relocation of the steel sector (e.g., the manufacturing and pressing of ferrous metals). The two reasons above might explain the decreasing trend of EMRPW in Beijing. The ELP of the three sectors continuously increased, causing the ELPPW of Beijing to increase in these years.
In Tangshan, a total of 10.7% of human activity moved from the primary sector to the secondary and tertiary sectors in the analysis period. By contrast, the EMR2 of Tangshan was 3.3 times higher than that of Beijing and 1.3 times higher than that of Tianjin. Nevertheless, the ELP2 of Tangshan was lower than that of Beijing and Tianjin due to the low energy efficiency of its leading industries (e.g., the first four sub-sectors shown in Table 4 ). The same pattern was also observed for the tertiary sector of Tangshan. As a result, the higher level of EMRPW did not bring the higher level of ELPPW, namely, higher economic efficiency. In Beijing, the primary and secondary sectors lost 2.8% and 8.8% in human activity from 2005 to 2014, respectively, which implied that a fraction of the work force moved to the tertiary sector (a non-energy-intensive sector). At the same time, the EMR 2 decreased based on the development of high-end manufacturing (e.g., the last four sub-sectors shown in Table 4 ) and the relocation of the steel sector (e.g., the manufacturing and pressing of ferrous metals). The two reasons above might explain the decreasing trend of EMR PW in Beijing. The ELP of the three sectors continuously increased, causing the ELP PW of Beijing to increase in these years.
The primary and secondary sectors in Tianjin also lost 7.1% and 3.4% of human activity during the analysis period, respectively. These active work forces moved to the tertiary sector. However, the size and proportion of human activity allocated to the secondary sector in Tianjin were considerably greater than those in Beijing, and the EMR 2 also increased in these years. These two conditions might explain the stable increase in EMR PW in Tianjin. The ELP of the three sectors also continued to increase, which caused a significant increase in the ELP PW of Tianjin.
In Tangshan, a total of 10.7% of human activity moved from the primary sector to the secondary and tertiary sectors in the analysis period. By contrast, the EMR 2 of Tangshan was 3.3 times higher than that of Beijing and 1.3 times higher than that of Tianjin. Nevertheless, the ELP 2 of Tangshan was lower than that of Beijing and Tianjin due to the low energy efficiency of its leading industries (e.g., the first four sub-sectors shown in Table 4 ). The same pattern was also observed for the tertiary sector of Tangshan. As a result, the higher level of EMR PW did not bring the higher level of ELP PW , namely, higher economic efficiency. Figure 9 presents the contribution rates of technology and capital aggregation (r aggregate ) and sector structure (r structure ) to the changes of EMR PW by using a complete decomposition model. For Beijing, the sector structure and aggregation factors accounted for the decrease of EMR PW by 73.3% and 26.7%, respectively. For Tianjin, the aggregation factor drove the increase in EMR PW , whereas the sector structure factor impeded it. For Tangshan, the sector structure and aggregation factors both contributed to the increase in EMR PW by 59.9% and 40.1%, respectively. Figure 9 presents the contribution rates of technology and capital aggregation (raggregate) and sector structure (rstructure) to the changes of EMRPW by using a complete decomposition model. For Beijing, the sector structure and aggregation factors accounted for the decrease of EMRPW by 73.3% and 26.7%, respectively. For Tianjin, the aggregation factor drove the increase in EMRPW, whereas the sector structure factor impeded it. For Tangshan, the sector structure and aggregation factors both contributed to the increase in EMRPW by 59.9% and 40.1%, respectively. 
Ecological Pressure and Social Welfare
BEP and SOHA values from 2005 to 2014 were calculated, as shown in Table 5 . BEP reflects the amount of energy that should be supplied by hourly human activity in the production sector, given the current level of energy consumption. The high value of BEP in one region indicates that people have to overexploit local resources and import energy externally to meet the material needs, which increases the pressure on the environment locally and regionally. From a temporal point of view, the BEP in the three cities exhibited an upward trend, except for Tangshan in 2014. Tangshan showed the highest BEP among the three cities because of the large proportion of energy-consuming sectors. Beijing ranked second due to the high standard of living and small proportion of primary and secondary sectors. By contrast, Tianjin had the lowest BEP among the three cities.
SOHA can be used to reflect the social welfare level. A higher SOHA value indicates that people can allocate more time to education, leisure and entertainment and lower dependency on labourers economically. The SOHA of Beijing increased from 5. Table 5 . BEP reflects the amount of energy that should be supplied by hourly human activity in the production sector, given the current level of energy consumption. The high value of BEP in one region indicates that people have to overexploit local resources and import energy externally to meet the material needs, which increases the pressure on the environment locally and regionally. From a temporal point of view, the BEP in the three cities exhibited an upward trend, except for Tangshan in 2014. Tangshan showed the highest BEP among the three cities because of the large proportion of energy-consuming sectors. Beijing ranked second due to the high standard of living and small proportion of primary and secondary sectors. By contrast, Tianjin had the lowest BEP among the three cities.
SOHA can be used to reflect the social welfare level. A higher SOHA value indicates that people can allocate more time to education, leisure and entertainment and lower dependency on labourers economically. The SOHA of Beijing increased from 5.5 in 2005 to 6.3 in 2009 and then became relatively constant later on. This higher value was consistent with the advanced education, good financial and technological foundations, high-quality human resources and high resource utilisation efficiency of Beijing. For Tianjin and Tangshan, their SOHA decreased from 5.8 in 2005 to 5.3 and 5.5 in 2014, respectively. This finding suggested that the two cities paid more attention to economic development than social welfare improvement. 
Discussions
Comparison with Previous Studies
MuSIASEM studies have been conducted in different cities, regions and nations for over 15 years. Table 6 summarises the results of 11 cases, including the three cities in this study. In comparison with the Chinese national average, Beijing, Tianjin, and Tangshan all had higher EMR SA , ELP PW and BEP, which coincided with their levels of economy and social development. However, the SOHA of Tianjin and Tangshan were slightly lower than the Chinese national average. The comparison of the three cities with other regions and countries in the world reveals that the EMR SA of Tianjin in 2010 was similar with the level of the Catalonia region in 2005-which may be due to their well-established industrial foundation-whereas the EMR SA of Beijing in 2010 was similar to the level of the Veneto region in 2010. The ELP PW values of the three cities were considerably lower than those of the EU region, which might be explained by the relatively low economic efficiency and the abundant work forces in China. As shown in Table 6 , the BEP values of the three cities were moderate compared to those of developed countries. However, the values of SOHA of the three cities were lower than those of other regions and countries. The phenomenon can be explained by the adoption of the one-child policy in China, which caused the high proportion of labour. However, the one-child policy will lead to the ageing of the population in the future and the emergence of inevitable labour shortage. Therefore, current economic growth patterns should be transformed to achieve sustainable development. 
Urban Metabolism Profiles and Evolution Trajectories
The classical four quadrants were employed to reveal the evolution of different urban metabolism in Beijing, Tianjin and Tangshan (Figures 10-12 
Beijing: Metabolic Pattern Dominated by Service
With economic growth, Beijing increasingly attracted people to migrate to the city for better job opportunities. Simultaneously, more human activities were allocated to the HH sector, which not only indicated the improvement of social welfare but also led to the increase of the final energy consumption of the HH sector. Industrial upgrades and service sector development contributed to the reduction of EMRPW and the share of ETPW. The metabolic pattern of Beijing was characterised by the developed service sector with population inflows, high SOHA, high ELPPW, low EMRPW and high BEP.
Tianjin: Metabolic Pattern Dominated by Technology and Capital Aggregation
Due to the increase in EMRPW and the share of ETPW over the analysis period, namely technology and capital aggregation, the growth of GDP and ELPPW in Tianjin was the highest. Meanwhile, Tianjin experienced an economic structure transformation due to the increasing number of people moving to the service sector. This situation caused the share of HAPW to increase despite the technology and capital aggregation. The metabolic pattern of Tianjin was characterised as technology and capital aggregation with a high share of ETPW, high EMRPW, high ELPPW and low SOHA.
Tangshan: Metabolic Pattern Dominated by Traditional Industry
In Tangshan, the population was stable, but the TET was great and increasing. The high level of EMRPW and the high share of ETPW are some typical features of an industrial city. However, the high EMRPW was observed along with high ecological pressure (BEP) rather than high economic efficiency (ELPPW). Thus, the metabolic pattern of Tangshan was characterised by traditional industry with a high share of ETPW, high EMRPW, high BEP and low ELPPW. Figure 13 presents the evolution of urban metabolism based on ELPPW, BEP and SOHA, which correspond to economic efficiency, ecological pressure and social welfare, respectively. The variables were normalised based on Z-score to compare the changes of the three variables with different units. As shown in Figure 13 , economic efficiency, ecological pressure and social welfare increased simultaneously in Beijing. Tianjin performed best at economic efficiency but quite poorly at social welfare and moderately at ecological pressure. For Tangshan, the relatively low economic efficiency was obtained with an increase in ecological pressure and a decrease in social welfare. 
Beijing: Metabolic Pattern Dominated by Service
With economic growth, Beijing increasingly attracted people to migrate to the city for better job opportunities. Simultaneously, more human activities were allocated to the HH sector, which not only indicated the improvement of social welfare but also led to the increase of the final energy consumption of the HH sector. Industrial upgrades and service sector development contributed to the reduction of EMR PW and the share of ET PW . The metabolic pattern of Beijing was characterised by the developed service sector with population inflows, high SOHA, high ELP PW , low EMR PW and high BEP.
Tianjin: Metabolic Pattern Dominated by Technology and Capital Aggregation
Due to the increase in EMR PW and the share of ET PW over the analysis period, namely technology and capital aggregation, the growth of GDP and ELP PW in Tianjin was the highest. Meanwhile, Tianjin experienced an economic structure transformation due to the increasing number of people moving to the service sector. This situation caused the share of HA PW to increase despite the technology and capital aggregation. The metabolic pattern of Tianjin was characterised as technology and capital aggregation with a high share of ET PW , high EMR PW , high ELP PW and low SOHA.
Tangshan: Metabolic Pattern Dominated by Traditional Industry
In Tangshan, the population was stable, but the TET was great and increasing. The high level of EMR PW and the high share of ET PW are some typical features of an industrial city. However, the high EMR PW was observed along with high ecological pressure (BEP) rather than high economic efficiency (ELP PW ). Thus, the metabolic pattern of Tangshan was characterised by traditional industry with a high share of ET PW , high EMR PW , high BEP and low ELP PW . Figure 13 presents the evolution of urban metabolism based on ELP PW , BEP and SOHA, which correspond to economic efficiency, ecological pressure and social welfare, respectively. The variables were normalised based on Z-score to compare the changes of the three variables with different units. As shown in Figure 13 , economic efficiency, ecological pressure and social welfare increased simultaneously in Beijing. Tianjin performed best at economic efficiency but quite poorly at social welfare and moderately at ecological pressure. For Tangshan, the relatively low economic efficiency was obtained with an increase in ecological pressure and a decrease in social welfare. The differing evolutions of the urban metabolism of the three cities were probably due to the different stages of their urban development. Based on the theories of Northam [53] and Kuznets [54] , Beijing, Tianjin, and Tangshan were at three different stages of urban development. (1) Tangshan was at the intermediate stage of urbanisation and industrialisation. In this stage, the secondary industry played a leading role in the economy and was still characterised by energy intensive and low value added, which led to low economic efficiency and high ecological pressure. The growth of the economy depended on intensive labour. (2) Tianjin was at the late stage of urbanisation and the transition stage of industrialisation (from the intermediate stage to the late stage). In this period, the tertiary sector achieved rapid development and was as important as the secondary sector. At the same time, some technology and capital aggregations were observed in the secondary sector. Both factors contributed to good performances of economic efficiency. However, the development still depended on the increase in labour (both in number and in proportion) at the expense of social welfare (3) . Beijing was at the late stage of urbanisation and industrialisation. In this phase, the tertiary sector became dominant in the economy and high-end manufacturing was a pillar industry in the secondary sector. Economic development no longer depended on intensive labour but on high technology, thereby improving social welfare. However, more human activities allocated to tertiary and HH sectors caused an increase in ecological pressure.
Combined with the dimensions of sustainable development, no problems were observed in the development dimensions because all three cities had increasing economic output and growing human activity to support it. However, in the coordination dimension, Tangshan performed poorly. All three cities faced challenges from the sustainability dimension due to increasing energy consumption and ecological pressure. Particularly, Tianjin and Tangshan suffered from the sustainability dimension because of the low level and decreased trend of social welfare.
Relationships among Economic Growth, Energy Consumption and Ecological Pressure
By comparing the changes of GDP and TET, positive correlations between the economic growth and energy consumption were found in all the three cities. The same conclusions were also drawn by the studies on China at national [55] and provincial levels [56] . The difference among the three cities was that the correlation coefficients of Tianjin and Tangshan were 0.970 and 0.989, respectively, whereas that of Beijing was only 0.852. Similar differentiation also occurred in the East and South coasts of China [57] . Shanghai had slow growth in energy consumption and high levels of economic development, whereas the energy consumption and economic development of other provinces were rapidly increasing. The performances of Beijing and Shanghai were due to the stages of urban development where they were located, as previously discussed.
At the lower level (n − 1), an increase in ELPPW is usually accompanied by an increase in EMRPW [58] , because the increase in EMRPW suggests that more energy-dependent machines, rather than human labourers, are used. Although this explanation ignores the improvement of energy use efficiency, it was still applicable to Tianjin and Tangshan and to previous study areas such as Ecuador [21] and Spain [22] . By contrast, the diverging trend between EMRPW and ELPPW in Beijing implied that the city might be at the stage of dematerialisation in a certain extent for two reasons: (1) structural changes from energy-intensive sectors to non-energy-intensive sectors (e.g., service sector) and (2) Figure 13 . Evolution of urban metabolism in Beijing, Tianjin, and Tangshan.
The differing evolutions of the urban metabolism of the three cities were probably due to the different stages of their urban development. Based on the theories of Northam [53] and Kuznets [54] , Beijing, Tianjin, and Tangshan were at three different stages of urban development. (1) Tangshan was at the intermediate stage of urbanisation and industrialisation. In this stage, the secondary industry played a leading role in the economy and was still characterised by energy intensive and low value added, which led to low economic efficiency and high ecological pressure. The growth of the economy depended on intensive labour. (2) Tianjin was at the late stage of urbanisation and the transition stage of industrialisation (from the intermediate stage to the late stage). In this period, the tertiary sector achieved rapid development and was as important as the secondary sector. At the same time, some technology and capital aggregations were observed in the secondary sector. Both factors contributed to good performances of economic efficiency. However, the development still depended on the increase in labour (both in number and in proportion) at the expense of social welfare (3) . Beijing was at the late stage of urbanisation and industrialisation. In this phase, the tertiary sector became dominant in the economy and high-end manufacturing was a pillar industry in the secondary sector. Economic development no longer depended on intensive labour but on high technology, thereby improving social welfare. However, more human activities allocated to tertiary and HH sectors caused an increase in ecological pressure.
At the lower level (n − 1), an increase in ELP PW is usually accompanied by an increase in EMR PW [58] , because the increase in EMR PW suggests that more energy-dependent machines, rather than human labourers, are used. Although this explanation ignores the improvement of energy use efficiency, it was still applicable to Tianjin and Tangshan and to previous study areas such as Ecuador [21] and Spain [22] . By contrast, the diverging trend between EMR PW and ELP PW in Beijing implied that the city might be at the stage of dematerialisation in a certain extent for two reasons:
(1) structural changes from energy-intensive sectors to non-energy-intensive sectors (e.g., service sector) and (2) improvements in energy efficiency. However, it may be not a real process of dematerialization because Beijing relocated the high-energy-consuming industries out of the city and still depended on energy from other areas. According to Zhang [59] , the embodied energy import of Beijing was 1.3 × 10 12 MJ in 2007, which almost equalled 70.6% of the energy consumption of the city. This finding was consistent with the result of this study, because they both revealed that the BEP of Beijing was high.
Policy Implications for Sustainability Development
The distinctions between the different cities were evident from the results. Therefore, city managers should be aware of the different conditions of the three cities rather than make uniform policies to achieve sustainable development in the Jing-Jin-Ji urban agglomeration.
For Beijing, the population reached 21.2 million in 2014 [35] . Given the large immigrant population and great demand for labour in the service sector, the human activity allocated to the HH and service sectors also increased, which raised the demand of final consumption and BEP value. The amount of local resources in Beijing was limited. Thus, the dependency on external resources was increasing, which easily resulted in a so-called "siphon effect"-that is, the development of the central city restricts the development of the hinterland. Therefore, population control might be crucial for achieving sustainable development, at least in the short term. According to the Beijing City Master Plan (2016-2030), the Beijing government established the quota of permanent residents below 23.0 million by 2020, which remains a serious challenge under the current trend. In the future, policies that encourage people and competitive industries to relocate-such as the establishment of the Xiong'an New Area-are recommended to mitigate the pressure of ecology and hopefully trigger "trickle-down effects" to where eventually the development of the central city benefits the hinterland.
According to the energy policy of the 13th Five-Year Plan for Economic and Social Development of the People's Republic of China (2016-2020), the energy consumption per 10,000 RMB of GDP in Beijing should decrease by 17.0%. Achieving this goal based on the current trend is not difficult-the annual rate of decline was 5.14% during the analysis period-and people should consider the energy utilisation efficiency in the HH sector.
In Tianjin, labour efficiency is the highest among the three cities because of technology and capital aggregation and industrial structure upgrades. Nevertheless, the percentage of human activity of the PW sector in Tianjin still increased, which suggests that the economic development was dependent on increasing the proportion of labourers at the expense of social welfare. Therefore, in the short term, the local government should create policies that will attract more young people to live in Tianjin to prevent a labour shortage caused by the ageing population. In the long term, economic growth patterns should be transformed to raise the level of mechanisation, as well as adjust its industrial structure to acquire higher ELP. The ELP PW of Tianjin should increase to at least US$7.3/h in order to match the current social welfare level of Beijing. Meanwhile, more social welfare-related polices-such as better education, health care and insurance policies for the elderly-should be encouraged.
To meet the target for energy consumption per 10,000 RMB of GDP to be lowered to 1.0 × 10 4 MJ in 2030 year (Tianjin City Master Plan 2015-2030), it is suggested that Tianjin focuses more on saving energy in the secondary sector, especially in metallurgical, power, chemical and petrochemical industries.
As a traditional industry city, Tangshan is facing two major challenges towards sustainability: the great energy consumption of the secondary sector and the low economic competitiveness of the PW sector-in other words, low efficiency of energy and labour. As a result, Tangshan showed the highest BEP and lowest ELP PW among the three cities. According to the Tangshan City Master Plan (2010-2020), Tangshan has established a goal that the energy consumption per 10,000 RMB of GDP should lower to 3.9 × 10 4 MJ by 2020, which could be challenging given that the consumption level was still 4.6 × 10 4 MJ in 2014. Thus, the government should encourage enterprises to adopt technologies that can reduce energy consumption and support the promotion of renewable and clean energy-such as wind, solar and nuclear power-to ease ecological pressure. Additionally, finding ways to accelerate industrial upgrading is essential, such as gradually removing industries with low added value and undertaking industries with high technology and high added value from Beijing.
One limitation of this research is that land use was not incorporated into the framework due to the lack of long time series data of land use that could clearly separate industrial, service and residential lands. In future research, land use data with a high resolution should be obtained to study the economic efficiency of different land use types, the proportion of different land use types and the relationships between human activity and land use in different sectors. Moreover, the inequalities within the urban population have recently drawn considerable attention in urban sustainable development research [60, 61] . Further research on urban metabolism is necessary to reveal the inequalities among different income groups.
Conclusions
This research used the MuSIASEM framework as a diagnostic tool to reveal the metabolic characteristics and evolution trajectories in the Chinese cities of Beijing, Tianjin, and Tangshan. First, the metabolic pattern and evolution trajectories of Beijing, Tianjin, and Tangshan were found to be service-dominated, technology and capital aggregation-dominated and traditional industry-dominated, respectively. Moreover, the evolution of economic efficiency, ecological pressure and social welfare in the three cities was different due to the stage of urban development at which each city is located. The aggregation and sector structure factors caused the reduction and increment of the EMR PW in Beijing and Tangshan, respectively. Nevertheless, the increase in EMR PW in Tianjin was driven by the aggregation factor and partly offset by the sector structure factor. Secondly, in terms of the relationships between economic growth and energy consumption, Tianjin and Tangshan showed positive correlations at the city level and PW sector level, whereas Beijing demonstrated a weaker positive correlation. Thirdly, issues such as overpopulation, labour shortage and low efficiency of energy and labour are likely to be the key factors that impede the sustainable development of the three cities in the future. On the basis of these results, several policy implications were raised, including combining the population dispersal and competitive industry relocation policies for Beijing, attracting more young labourers in the short term and transforming the economic growth patterns in the long term for Tianjin, and upgrading industry and innovating technical processes for Tangshan. Further studies are recommended to incorporate land use data into the MuSIASEM framework and to consider the inequalities within the urban population for better urban management.
